We have demonstrated a monolithic MgO:LiNbO 3 doubly resonant optical parametric oscillator (OPO) using an allsolid-state pump. The pump laser was a single-axial-mode monolithic Nd:YAG nonplanar ring oscillator whose diode-laser pump was modulated at 325 kHz to produce relaxation oscillation spikes to higher peak powers at 1.06
Optical parametric oscillators (OPO's) have several potential advantages over tunable lasers in the generation of widely tunable narrow-band optical radiation. Laser tuning ranges are generally limited by relatively narrow gain bandwidths and fixed gain centers. The gain center of an OPO is tuned by changing the crystal birefringence with temperature or propagation-angle adjustments, yielding a tuning range limited only by the crystal dispersion and transmittance bandwidth. Doubly resonant OPO's, which resonate both signal and idler waves, can have low pump thresholds but require good spatially and temporally coherent pumps.' Recent advances in frequency-stable, singlemode lasers, coupled with the development of new nonlinear crystals such as MgO:LiNbO 3 , AgGaSe 2 , and BaB 2 0 4 , have renewed interest in OPO's. In this Letter we report the operation of a monolithic ringcavity MgO:LiNbO 3 doubly resonant OPO pumped by the second harmonic of a frequency-stable, diode-laser-pumped Nd:YAG laser.
The stringent pump-laser requirements for pumping doubly resonant OPO's are because of the necessity for simultaneous cavity resonances at both the signal and idler modes while the signal and idler frequencies are summing to exactly equal the pump frequency. 2 Pump frequency fluctuations therefore can cause OPO power output fluctuations and frequency instabilities. In addition, a single-transverse-mode pump laser is necessary to couple power efficiently to the signal and idler modes. 3 ' 4 For these reasons, the TEMoo, single-axial-mode, frequency-stable output from a diode-laser-pumped Nd:YAG monolithic nonplanar ring laser 5 or its second harmonic 6 are ideal for pumping doubly resonant OPO's.
The simultaneous resonance condition for the signal and idler is also sensitive to cavity-length fluctuations, so the OPO cavity-length stability is important. A monolithic cavity, fabricated by depositing the OPO mirrors directly onto the nonlinear crystal, provides both excellent cavity stability and the lowest possible OPO cavity losses. Figure 1 shows the monolithic MgO:LiNbO 3 OPO cavity design used for these experiments. A ring geometry cavity was used, since it allows the maximum efficiency for a doubly resonant OPO by preventing backgeneration of pump radiation from the resonated signal and idler 7 and because it reduces feedback into the pump laser.
MgO:LiNbO 3 (Refs. 8 and 9) was selected as the OPO nonlinear gain medium because of its noncritical temperature-tuned phase-matching range, useful for monolithic devices, and its low losses at 1 ,um. Low losses are especially important for a doubly resonant OPO, as its threshold is proportional to the product of the signal and idler losses.' 0 To fabricate the monolithic OPO cavity, the ends of a 1.25-cm-long crystal were polished to 10-mm radii of curvature. The offaxis ring resonator was formed by polishing a flat total-internal-reflection surface to within 0.18 mm of the mirror axis, as shown in Fig. 1 . The confocal parameter" for the resonator was 0.433 cm, giving the spot size for the signal wave of 27 Am at 1.064 Am. Electrodes were placed on the crystal surfaces perpendicular to the 2.2-mm-wide Y axis to permit electro-optic tuning of the cavity resonances and the crystal birefringence as described below.
The mirrors deposited upon the OPO cavity had their reflectivity centered at degeneracy, 1.064 .tm, so that both signal and idler wavelengths would be resonant. The coatings for the OPO crystal were designed to produce a 6-mW pump threshold based on the anticipated nonlinear gain and cavity losses. The coatings specified consisted of a high reflector at 1.064 Am and a high transmittance at 532 nm for one curved end (ml) and a 99.5% reflector at 1.064 Atm for the other curved end as the output coupler (M 2 ). The coatings that were actually applied to the crystal consisted of a 99.9% reflector at 1.064 ,4m with only a 60% transmission at 532 nm for ml and a 98.8% reflector for the Experimental setup for the OPO showing the diode-laserpumped Nd:YAG laser, the external-cavity resonant doubler, and the doubly resonant OPO.
output coupler M2. The measured finesse for the OPO cavity of 360 was in good agreement with these coating reflectivities and bulk and surface losses for the cavity of 0.4%. The calculated OPO threshold for the coatings applied to the crystal was 35 mW. The Nd:YAG monolithic nonplanar ring laser used for these experiments was pumped with a 500-mW diode laser to produce 65 mW of TEMoo output.1 2 The laser output was frequency doubled using a resonant external-cavity frequency doubler of MgO:LiNbO3 with the same monolithic ring design as the OPO, which provided greater than 50% conversion efficiency to the second harmonic for cw operation. 6 A Faraday rotator isolator was necessary at full cw power to prevent feedback into the laser oscillator from the doubler. This isolator would likely be unnecessary for newer nonplanar ring designs, which are more resistant to feedback.' 3 The 35-mW calculated threshold for the OPO was the same as the 35-mW cw output available from the resonantly doubled laser pump. Higher powers were therefore desired. We produced higher peak powers by applying 10% modulation to the diode-laser pump at the 325-kHz relaxation oscillation frequency of the Nd:YAG oscillator, generating relaxation oscillation pulses of 260-mW peak power from the Nd:YAG laser. These laser pulses were still single axial mode and provided the same 65-mW average power as for cw operation. The resonant doubler remained locked onto the laser frequency, producing 230-mW peak power pulses at 532 nm at 35-mW average power.
These pulses were used to pump the OPO.
High peak pump powers were desired so that the OPO would be far enough above threshold that parametric oscillation could build up from noise during the pump pulse. As the OPO begins to oscillate, the pump power is converted to signal and idler power, depleting the pump. Figure 2 shows the OPO output pulse and corresponding depleted pump pulse in comparison with the undepleted 230-mW peak pump power. The 60% pump depletion shown in Fig. 2 during the OPO pulse indicates the efficiency of the conversion of the pump to signal and idler power. Since the 0.5% scatter and absorption losses of the OPO cavity are small in comparison with those of the 1.2% OPO output coupler, most (70%) of the depleted pump light is converted to signal and idler waves. The OPO output power averaged 2.5 mW for 35 mW of average pump power. The energy conversion of pump to OPO output was 7%, attributable to the long OPO buildup time resulting in parametric oscillation only during a small fraction of the pump pulse duration. If the pump had had 230 mW of cw power, the 60% pump depletion would have produced a conversion efficiency of 40% to signal and idler power. was not continuous but took place as a series of axialmode hops. A change in the crystal temperature changed the phase-matching condition and the cavity length. A change in the voltage across the crystal changed the cavity length through the piezoelectric effect and changed the ordinary index of refraction through the electro-optic effect, thereby changing the optical path length and birefringence of the cavity. At constant temperature and voltage the OPO operated in a single signal and idler axial mode over much of the tuning range. Operation on two widely separated modes (typically 4 nm apart) was observed for voltages that forced OPO oscillation far off the phasematching peak, allowing more than one simultaneous resonance under the phase-matching gain bandwidth.
Close to degeneracy, where the OPO gain bandwidth becomes large, oscillation occurred in many axial modes. The stringent requirements on cavity stability for a doubly resonant OPO were evidenced during single-axial-mode operation by the mode hopping of the oscillator every few seconds due to oven-temperature changes or self-heating from resonated signal and idler power.
Future research in the area of monolithic OPO's will include a detailed theoretical study of their tuning properties, cw operation, continuous tuning of frequency by simultaneous control of voltage and pump frequency, extension to nondegenerate OPO's, and, possibly, singly resonant OPO's. 16 The potential of these devices for the production of squeezed states of light1 7 is also being investigated.
The monolithic ring-cavity OPO design resulted in the low cavity losses and good cavity stability that are important for efficient and stable doubly resonant OPO operation. Pump-laser stability was achieved by using a single-axial-mode diode-laser-pumped monolithic Nd:YAG nonplanar ring laser, which was frequency doubled using a resonant external cavity.
The diode-laser pump was modulated at the Nd:YAG laser relaxation oscillation frequency of 325-kHz to produce 230-mW peak power pulses at 532 nm. The OPO generated pump depletions of greater than 60% when pumped at six times the calculated 35-mW cw threshold. The OPO wavelength was temperature tuned from 1.01 to 1.13 gim, voltage tuned as much as 11 nm in 310 V, and in a single signal and idler axial mode over much of its tuning range. These experiments have demonstrated the potential for all-solidstate, highly efficient, frequency-stable, and widely tunable OPO's.
